Through Raman thermometry technique, Zhang et al. [15] reported thermal boundary conductance (TBC) values in the order of 0.1-1 MW m −2 K −1 for MoS 2 or MoSe 2 with SiO 2 and gold-coated SiO 2 substrates, far smaller than the previously reported values on graphene. [12, 13, [19] [20] [21] Taube et al. [14] in another Raman-based study obtained a value of ≈2 MW m −2 K −1 for TBC of monolayer MoS 2 on Si/SiO 2 substrate at 300 K. Yalon et al. [17] also employed the Raman spectroscopy technique and estimated the TBC between AlO x -coated monolayer MoS 2 and Si/SiO 2 substrate to be in the range of 14 ± 4 MW m −2 K −1 at room temperature. This 1-2 orders of magnitude variation demands a precise thermal transport study on MoS 2 ). This study also investigates the effects of processing quality and potential interface contaminants, substrate properties, and encapsulation on TBC across MoS 2 and graphene monolayers. Our results reveal that the emergence of Rayleigh wave modes dramatically contributes to the interfacial conductance across encapsulated 2D monolayers. This finding opens up an additional pathway to improve heat dissipation in 2D-based devices through engineering of an encapsulating layer.
worth noting that these numbers are nearly 2 orders of magnitude smaller than the typical TBC values reported between graphene and substrates. [12, 13, [19] [20] [21] In this report, we systematically studied the interfacial thermal transport across chemical vapor deposited (CVD) MoS 2 and graphene monolayers using electrical thermometry experiments and 3D finite element (FE) analyses. We validated our results on graphene with the well-established data in the literature obtained from different techniques (e.g., thermoreflectance and Raman). [13, 19, 20] In identical measurement platform and experimental conditions, our results indicate that the TBC across MoS 2 remains in the same range as in graphene, far larger than the reports based on Raman thermometry with optical heating. [14, 15] To address the possible sources of discrepancy in the measured TBC values in the literature, the effect of processing quality and potential interface contaminants (affecting the interface couplings and adhesion forces) are studied on the measured TBC values through a comparison between direct-grown and transferred MoS 2 monolayers. The effects of the underlying substrate on the TBC across MoS 2 and graphene is also examined by performing identical experiments on two of the most technologically viable substrates, namely, Si/SiO 2 and c-plane sapphire. Finally, the effects of metal encapsulating layers on the TBC are investigated through a combination of molecular dynamics simulations and Boltzmann transport modeling which reveal that the emergence of Rayleigh wave modes (RWMs) dramatically contributes to the interfacial conductance across encapsulated 2D monolayers.
The MoS 2 and graphene used in this study were synthesized by atmospheric pressure CVD method with recipes described in our previous reports [22, 23] (see Section S1 in the Supporting Information). Atomic force microscopy and Raman spectroscopy revealed that the synthesized graphene and MoS 2 are highly crystalline monolayers, as evidenced by their subnanometer measured thickness and sharp Raman peaks (see Section S1 in the Supporting Information). Graphene flakes were synthesized on copper foils and then transferred to the target substrates via polymer-assisted wet transfer process. [24] The MoS 2 flakes were either directly synthesized on the target substrates or transferred via a similar polymer-assisted method. [25] This enables us to account for the contributions of interface contaminants and coupling forces on the interfacial thermal characteristics of MoS 2 with substrate.
To measure the thermal transport across MoS 2 and graphene, we designed a symmetrical serpentine-shape four-probe electrical thermometry platform which simultaneously serves as the heater and the temperature sensor (Figure 1a) . Details of the fabrication process are shown in Section S2 in the Supporting Information. In short, the flakes of MoS 2 and graphene were initially patterned into octagons of the same size by oxygen plasma to create in-plane symmetry (see Section S2 in the Supporting Information) followed by the electrode (5/50 nm Ti/Au) patterning/deposition to form the heater/sensor platform (inset of Figure 1a ). The excess of the 2D layer was then etched away in oxygen plasma to prevent electrical cross-talking and inplane heat spreading. For temperature-dependent thermometry experiments, the devices were mounted on chip carriers using conductive epoxy and loaded into a cryogenic system with a precise temperature controller [26] (see Section S3 in the Supporting Information). Initially, the electrical resistance of the electrode was calibrated between 25 and 295 K in a four-probe measurement configuration ( Figure S3a ,b, Supporting Information). The temperature of the cryostat cold finger (on the back of the chip carrier) was then held constant and a range of electrical powers was dissipated into the electrode while monitoring the electrical resistance ( Figure S3a, Supporting Information) . The data were used to obtain the temperature rise of the electrode at different applied powers for the entire temperature range in which the slope of the line represents the overall thermal dissipation resistance of the device to the environment (R TH ) ( Figure S3c,d, Supporting Information) . In other words, the R TH represents the average temperature rise of the serpentine shape electrode when the unit power (e.g., 1 mW) is being dissipated between the voltage leads of the platform. Figure 1c shows the temperature-dependent R TH of the devices based on transferred graphene, direct-grown, and transferred MoS 2 in K mW −1 (Kelvin per milliwatt). The R TH values of the devices without 2D materials (control experiment) on Si/SiO 2 (270 nm) substrate tested under identical experimental conditions is also shown in Figure 1c . All the tested structures show a similar descending trend for R TH versus temperature which is mainly dictated by the thermal resistance of the Si/SiO 2 substrate (see Figure S4 in the Supporting Information). The difference in the R TH values is associated with the difference in the thermal boundary resistance (TBR) caused by the presence of the graphene or MoS 2 monolayer. It is worth noting that for all the tested structures herein, at least three different devices were tested to assure repeatability of the measurements and the standard deviations of the measured values are shown as error bars in the R TH versus temperature plots.
To quantify the contribution of each component (e.g., metal electrodes, interfaces, and substrate) on R TH , the experimental data were analyzed in a 3D FE model using the actual geometrical dimensions of the fabricated devices. Figure 1b shows the top and cross-sectional view of the temperature distribution in the Au/Ti/MoS 2 /SiO 2 /Si stack (270 nm SiO 2 thickness) at 1 mW applied power at 295 K base temperature. The results indicate a sharp temperature gradient around the interface and the oxide layer due to their large and localized resistance. In the FE model, the temperature-dependent thermal conductivity of the substrate materials (Section S4 in the Supporting Information) [10, 27, 28] and the metal electrodes (obtained using Wiedemann-Franz law) [10, 29] were used as known parameters in the steady-state thermal analysis. The modeled lumped TBR between the metal electrode and the substrate (in presence or absence of the 2D material) was then iteratively found to match the experimental data (see Section S5 in the Supporting Information).
As a geometry-independent quantity, the TBC values (reciprocal of TBR) extracted from the FE analyses are shown in Figure 1d for graphene, MoS 2 (direct-grown and transferred), and control experiment on Si/SiO 2 substrate over the entire temperature range (85-295 K). The temperature dependence of TBC follows the heat capacity of the as flexural acoustic (ZA) branch [30] and nearly flattens at room temperature, in accordance with earlier work. [13] We plotted our results along with the data by Koh et al. [13] for heat conduction across Au/Ti/Gr/SiO 2 /Si and Au/Ti/SiO 2 /Si interfaces as well as the data by Chen et al. [12] www.advmatinterfaces.de for the heat transport across sandwiched graphene between SiO 2 layers (SiO 2 /Gr/SiO 2 ). The error bars represent the overall uncertainties of the measurements and are fully discussed in Section S6 of the Supporting Information. For the case of Au/Ti/Gr/SiO 2 /Si and Au/Ti/SiO 2 /Si, the TBCs at 295 K are 27 and 74 MW m −2 K −1 , respectively, consistent with the results obtained by Koh et al. on the very similar structures using time-domain thermoreflectance method. [13] The values are also in agreement with the report by Yang et al. [20] which shows a TBC of 22 ± 2 MW m −2 K −1 for the Au/Ti/Gr/SiO 2 interface and 80 MW m −2 K −1 for the control experiment (Au/Ti/SiO 2 ). The TBC at 295 K for Au/Ti/MoS 2 /SiO 2 /Si stack is also found to be 33.5 and 20.3 MW m −2 K −1 for the direct-grown and transferred MoS 2 , respectively. This difference is likely due to the presence of interface contaminants in the transferred structure resulting in a weaker interface coupling (adhesion forces) or an additional series resistance in the path of phonon transmission across the interface. Here we note that the TBC in both MoS 2 cases are in the same order as in graphene, but they are remarkably larger than the previous reports by Zhang et al. [15] (0.1-1 MW m −2 K −1 ) and Taube et al. [14] (≈2 MW m −2 K −1 ). However, our results agree better with the data by Yalon et al. where the TBC for the monolayer CVD MoS 2 encased between an AlO x layer and a SiO 2 /Si substrate was estimated to be 14 ± 4 MW m −2 K −1 at room temperature. [17] The disagreement among these results can be partly due to the presence/ absence of an encapsulating layer. Our samples are encased by a metal and the report by Yalon et al. [17, 31] is on AlO x -coated samples, while the reports by Zhang et al. [15] and Taube et al. [14] do not have any encapsulating layer on the 2D material. The discrepancy could also be due to better interface quality in our tested structures. Our samples were annealed at 300 °C for 3 h in vacuum (see Section S2 in Supporting Information) which is known to remove the polymeric residue [32] and increase the adhesion of the 2D monolayers with the substrate.
We also performed the same measurements on sapphire substrate (c-plane, average roughness: Ra < 1 nm) which has already proven as a viable substrate in many applications involving 2D materials. [33, 34] Figure 1e ,f shows the full data set for sapphire along with the selected data on Si/SiO 2 for comparison. Unlike the Si/SiO 2 substrates with 270 nm oxide thickness, the R TH plots in all the sapphire experiments show an ascending trend as the temperature increases from 85 to 295 K (Figure 1e ). More specifically, the R TH at 295 K for Au/Ti/sapphire and Au/Ti/Gr/Sapphire stacks are 3.9 and 4.23 K mW −1 , respectively, which decrease to 1.6 and 1.76 K mW . The inset magnifies the same curves. The error bars indicate the standard deviation of at least three experiments in identical conditions. d) Temperature-dependent thermal boundary conductance (TBC) for the tested structures extracted from the FE analyses plotted against the data from Koh et al. [13] and Chen et al. [12] reports. The error bars represent the overall uncertainty of the measurements, as discussed in Section S6 of the Supporting Information. e) R TH versus T, and f) TBC versus T for the tested structures on sapphire.
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suggesting the suitability of sapphire for 2D-based cryogenic applications. The FE analyses on the sapphire thermometry data show a TBC value of 44 MW m −2 K −1 at 295 K for the control experiment on sapphire which is smaller than that of Si/SiO 2 substrate (74 MW m −2 K −1 ). This can be explained by the larger mismatch in the Debye temperature of Ti (≈420 K) to that of sapphire (1000 K) compared with SiO 2 (550 K). [35] [36] [37] For Au/Ti/Gr/Sapphire and Au/Ti/MoS 2 /sapphire (direct-grown and transferred), the values of TBC at 295 K are 33.5, 37.5, and 19 MW m −2 K −1 , respectively (Figure 1f) .
In extracting the experimentally measured values, all interfacial resistances including the metal/2D-material and 2D-material/substrate were considered as a lumped TBR value in the FE model. Next, we performed molecular dynamics (MD) simulations and first-principles-based Boltzmann transport equation (BTE) modeling to deconvolute the contributions of these resistances and to gain more insight into the governing physics of the interfacial thermal transport in these structures. First, MD simulations were used to calculate the through-plane thermal conductivity of a stacked system consisting of a single layer of MoS 2 sandwiched between Ti on one side and SiO 2 on the other side (Ti/MoS 2 /SiO 2 ). The TBC (Kapitza conductance) at each interface was extracted from a series of nonequilibrium MD simulations (NEMD) as outlined in Figure 2 . In each simulation, thin layers of ≈10 Å on the top and bottom of the system were selected and were coupled to a heat bath to control their temperatures (see Figure S6 in the Supporting Information). A temperature gradient was imposed across the system by maintaining a high temperature region (heat source) on one side and a low temperature region (heat sink) at the other side resulting in the flow of heat from the source to the sink. Once a steady state has reached, the temperature profile along the z-axis (parallel to the heat flow) was calculated and used to estimate the bulk conductivity or the TBC across the boundaries.
In addition to obtaining the TBC between MoS 2 and substrates (Ti or SiO 2 ) in the triple stacked (double interface) system (Figure 2d ) two other simulations were performed to calculate the TBC between MoS 2 and Ti as well as MoS 2 and SiO 2 directly from double stacked systems (single interface), as shown in Figure 2b ,c. A control simulation consisting of Ti and SiO 2 substrates without the MoS 2 layer was also performed.
We found the thermal conductivity of Ti and SiO 2 to be 2.6 and 0.9 W m −1 K −1 , respectively. It has to be noted that while the finite size of the system is not expected to affect the TBC of the boundaries, it may affect the bulk conductivity of the substrates calculated from the simulations. The TBC of each interface was calculated from the simulations and is summarized in 2 and Ti calculated in the double stacked system increases by 70% once the Ti-MoS 2 system is placed on the SiO 2 substrate. On the other hand, the MoS 2 -SiO 2 TBC increases by a factor of 3.5 once the Ti is added to the system. Our MD simulation results clearly indicate that a full system analysis is required to precisely deduce the TBC values in multi-interface systems.
Next, we quantified the relative contributions from out-of-plane and surface vibrational modes to the TBC. We calculated the vibrational modes of the monolayer (ML) graphene and MoS 2 from first principles based on density functional perturbation theory, as implemented in the Quantum Espresso software. Then, the first principles dispersions were input into our BTE model, and the TBCs were calculated from them for the double stacked and triple stacked systems to quantify the effects caused by encapsulation on the thermal transport across the tested monolayers (both MoS 2 and graphene). 
and the phonon transport model are discussed in Sections S8 and S9 of the Supporting Information, respectively. Our model includes two effects that impact the TBCs: (i) the coupling forces between the monolayer and the environment (substrate and encapsulating layer) that modify the phonon dispersion of the monolayer, including gapping of the flexural branch, and emergence of hybridized RWMs, [38] and (ii) the vibrational modes in the monolayer couple to the modes in the substrate through the van der Waals interaction forces, treated in our model as a harmonic spring with constant K a , [7] and thus transfer heat between them.
The in-plane modes (longitudinal acoustic LA and transverse acoustic TA) in suspended monolayers exhibit a linear dependence on the wavevector q (ω LA,TA ∝q), while flexural (out-of-plane acoustic ZA) vibrational modes show a quadratic dependence (ω ZA ∝q 2 ) in the long wavelength regime. Figure 3a-d shows the vibrational frequencies and total vibrational density of states (vDOS) in graphene (MoS 2 ) with and without the presence of any interfaces (i.e., supported vs suspended monolayers), computed from first principles (described further in Section S8 of the Supporting Information). In the supported monolayers, the vibrational frequencies of ZA modes in the long wavelength regime get shifted up by a frequency ω 0 , which is about 1 THz when graphene is supported on SiO 2 . [39] This shifted ZA mode may be referred to as the gapped ZA (or g-ZA) mode. The shift in the frequency is caused by the interaction of the long wavelength ZA modes with the substrate. [38] The solid red lines in Figure 3a ,b show the corresponding shift in the ZA mode (Figure 3a for graphene and b for MoS 2 ) and the peak in vDOS around ω 0 (Figure 3c,d ) due to the coupling to the SiO 2 substrate and Ti metal encapsulating layer. Furthermore, encapsulation of the monolayer causes hybridization of the surface modes of the encapsulating layer and the emergence of RWMs, [40] represented in Figure 3a -d by the solid blue line. The RWMs have a linear dispersion ω R = c R q similar to LA and TA branches, but with a lower sound velocity c R close to the speed of sound of the transverse wave c T = 3348 m s −1 in the Ti layer, while also exhibiting some out-of-plane displacement, similar to the ZA branch, and thus contributing to interfacial heat transfer. Figure 3e ,f demonstrates the calculated TBC values for the individual interfaces (double stacked) and the double-interface (triple stacked) system for graphene and MoS 2 , respectively. First, the spring coupling constant between graphene and SiO 2 (K s = 2.25 N m −1 ) was found by empirically fitting www.advmatinterfaces.de our TBC with Chen et al. [12] data shown by the dashed blue line in Figure 3e . For a double interface (Ti/Gr/SiO 2 ) system, we kept K s = 2.25 N m −1 and varied the spring coupling constant between Ti and graphene (K m ) to fit the experimental data of TBC, shown by the symbols in Figure 3e , to obtain a value of 1 N m −1 for K m . We used the same substrate coupling constant (K s ) for calculating the TBC value when the 2D monolayer is MoS 2 . Keeping the same K s and modifying K m in the Ti/MoS 2 /SiO 2 system we found that, a value of K m = 2.7 N m −1 fits the experimental data well. However, we note that K s is not necessarily the same for graphene and MoS 2 ; the value of K s is proportional to the adhesion energy between the monolayer and the substrate. [30] Similarly, K m would depend on the adhesion between the metal and the monolayer. Adhesion, and with it the spring coupling constant, might vary with the choice of monolayer, such as graphene or MoS 2, and also between the same monolayer with different fabrication processes. For instance, in interfaces involving MoS 2 the experimental data in Figure 3f K K m ω = + , where m ML is the mass of the atoms in the ML that are in contact with the substrate/encapsulating layer. This results in a smaller phonon substrate transfer rate Γ s/m , and hence a lower contribution from the flexural ZA branch to TBC than for two independent interfaces in series at a given fixed value of K s/m . In contrast, the hybrid RWMs, which emerge upon encapsulation, open an additional pathway for heat transfer. [40] Having linear dispersion and vibrational density-of-states, RWMs make a significant contribution to the total TBC in encapsulated MLs, shown by solid black lines in Figure 3e for graphene and Figure 3f for MoS 2 . MD calculations similarly show in Table 1 that the TBC between monolayer and substrate increases from a single interface to the metal-encapsulated monolayer, indicating that the presence of the metal layer enhances the TBC between monolayer and substrate. We conclude that the emergence of RWMs more than offsets the small decrease in the ZA branch contribution and results in nearly a doubling (tripling) of the TBC in the Ti-covered ML MoS 2 (graphene) as compared to two independent single-interface (Ti-ML and ML-SiO 2 ) TBCs in series. Furthermore, our model shows that the RWM contribution scales with its DOS, which is proportional to 1/ 2 c R ; thus, softer metals with smaller transverse sound velocity may further increase TBC, provided that K m is the same.
In summary, we studied the thermal dissipation across CVD MoS 2 and graphene monolayers through a coupled combination of experiments, simulations, and modeling. In contrast with previous estimations, [14, 15] our comparative experiments and 3D FE analyses reveal that the TBC across MoS 2 is in the same order as in the case of graphene on both Si/SiO 2 and sapphire substrates. Remarkably, our MD results unveil that the TBC of a 2D material with the substrate can be largely different in presence of an encapsulating layer. First principles BTE calculations explain this effect as being due to hybridization of the phonon modes and emergence of Rayleigh waves. This finding opens up an additional pathway for interfacial thermal transport in 2D-based devices through deposition of an engineered encapsulating layer (i.e., contact metals or gate dielectrics).
Experimental Section
Raman Spectroscopy: The Raman spectra were obtained using a Horiba JobinYvonXplora confocal Raman microscope with 532 nm laser wavelength.
Finite Element Simulations: FE analyses were used with commercial software ANSYS to find the extracted TBR values in all the tested structures, using the exact geometrical dimensions from the actual device platforms. More details are provided in Section S5 of the Supporting Information.
Molecular Dynamics Simulations: The MD simulations were carried out using large-scale atomic/molecular massively parallel simulator (LAMMPS) [41] and the thermal conductivities were calculated from NEMD simulations. [42] Details are provided in Section S7 in the Supporting Information.
Boltzmann Transport Equation Modeling:
The thermal boundary conductance calculations were performed using a model based on the Boltzmann transport equation. Phonon frequencies were computed from first principles based on the Quantum Espresso software. [43] Further details on the model are provided in Sections S8 and S9 in the Supporting Information.
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